Abstract: A THz QCL coupled to an external cavity emits an average of 1 mW and can be frequency tuned by changing the grating angle. We demonstrate a tuning range of 1 wavenumber at fixed injection current.
Introduction
Because of its high efficiency and rugged compactness, the quantum cascade laser [1, 2] (QCL) is an attractive source of coherent radiation in the terahertz (THz) region of the electromagnetic spectrum. Applications for THz QCLs include portable spectroscopy-based trace gas sensors and precision local oscillators for THz astronomy. Their utility in all of these applications can be limited by their relatively small intrinsic tuning range, typically on the order of only 0.05 cm -1 for injection current tuning and 0.1 cm -1 for much slower temperature tuning. To increase this tuning range, we couple a THz QC device to an external cavity (THz ECQCL) formed by a rectangular blazed reflecting diffraction grating to select the emission wavelength. This type of approach has been successfully employed with mid-IR QCLs [3] and our work is the first to extend this into the far-IR range. Existing measurements of the spontaneous emission bandwidth from THz QC lasers below threshold show a full-width-athalf-maximum (FWHM) of about 16 cm -1 . Multi-mode laser devices have been shown to emit a comb of modes spanning almost 5 cm -1 . A THz ECQCL could potentially tune up to 10 cm -1 , which is more than adequate for locating and scanning through a target spectroscopic feature.
External cavity technical concept
In the Littrow configuration shown schematically and actually in Figure 1 , a diffraction grating provides feedback directly into the QC gain medium with the back facet of the semiconductor device serving as the other cavity mirror. Light is coupled out of the external cavity system from the un-diffracted order of the grating directly. 
Implementation and evaluation
Several QC devices emitting ~ 1 mW of average power near 4.7 THz were fabricated according to a previously demonstrated recipe [2] . Without angle polishing or some sort of anti-reflection coating, the front and back facets of the gain medium define a resonant optical cavity. When the device is driven above a certain threshold current, typically several longitudinal modes will resonate. As the drive current changes, other modes are favored and because the device temperature and thus its effective index of refraction are also changing, the positions of the longitudinal modes shift.
To allow the laser cavity to be defined by the external grating, feedback from the front facet of the QC gain medium must be minimized. Unfortunately, partial reflection and anti-reflection coating technology in the THz regime is extremely immature. Instead, we chose to capitalize on the polarization purity of the emitted optical output. As shown in Figure 2 , the light emitted from a QCL is polarized normal to the plane of the laser's base. Thus, by polishing the laser's front facet at Brewster's angle, the reflection from this facet can be minimized.
Unfortunately, as the facet angle increases, the beam emerges at angle θ B away from the base plane given by sin(θ B + θ F ) = n sin(θ F ), where θ F is the facet angle and n is the refractive index of the gain medium. Note that for facet angles greater than sin(θ F ) = 1/n, total internal reflection occurs and no light emerges. For a QCL gain medium with n ~ 3.7 in the THz regime, Brewster's angle and total internal reflection occur when the facet is polished to 15.1 and 15.7 deg, respectively. Because of uncertainties in the actual refractive index value and angle tolerances in the polishing process, to safely avoid total internal reflection we chose a safety margin of approximately two degrees and polished the front facet at 13 deg, instead of the predicted optimum at 15.1 deg. As a case of weak but nonnegligible facet feedback we also polished another device at only 5 deg. Basic electrical and optical tests indicate that all devices survived the polishing process. In order to evaluate the tuning range of the QCL laser systems we construct a Fabry-Perot etalon from two partial reflectors. For partial reflectors we used two 100 mm diameter, 0.5 mm thick <100> cut silicon wafers. Even though these wafers were doped, we observed a reflection and transmission of 65% and 35%, respectively, indicating minimal loss due absorption from resonances in the material. Figure 3 shows the detector signal after the output from a flat faceted THz QCL passes through a Fabry-Perot etalon formed by two partial reflectors. In addition to 1 µs long current pulses used to turn the laser on, a 390mA sawtooth 20 Hz current ramp is also applied to the laser. The effect of this current ramp changing the lasing threshold and thus the output power is evident on all of the traces. The separation between the partial reflectors was L = 30 cm, indicating a fringe spacing of 1/(2L) = 0.017 cm -1 . When the wafers are aligned normal to each other (red and black curves), interference fringes are clearly visible. As a verification that the observed fluctuations truly arise from interference effects, the second partial reflector is first tilted by 45 degrees and then removed altogether. In both cases, the fluctuations vanish, indicating that they must be caused by interference between the partial reflectors. Compare the black and red curves that are successive measurements taken under the same conditions and note that the fringes are not stable in time, probably due to the multi-mode nature of the laser's output spectrum. The fringe contrast is also lower than would be expected from 35% reflectors, possibly due to absorptive losses from water vapor in the room air. However, from the fringes that remain (see the normalized red curve), four fringes are visible. With a fringe spacing of 0.017 cm -1 , this indicates a tuning rate of 0.15 cm -1 /A, which is consistent with the only other published THz QCL current tuning rate [4] . To determine the maximum tuning range, we increase the size of the ramp until the sub-threshold current begins to adversely affect the laser's output power. For this laser, this occurred at ~ 0.4A, indicating a maximum current tuning range of 0.06 cm -1 . To observe the effect of the grating coupled to a THz QC gain medium, we installed a THz QCL whose front facet was polished at 5 deg. When this device was coupled to the external grating, the optical output power increased by an order of magnitude to approximately the level of the unpolished devices. This increase in output power indicates that the laser's internal modes are suppressed and that the optical output is defined by the external cavity. Furthermore, as shown in Fig. 4 , as the grating angle changes, the dominant spectral mode shifts, clearly demonstrating feedback from the grating. In this case we were able to tune the laser's output by ~ 1 cm -1 at fixed current and thereby demonstrate external cavity control. 
